Abstrakt. The genetic diversity and population structure of Chrysichthys nigrodigitatus were evaluated using a 443 base pair fragment of the mitochondrial control region. Among the eight populations collected comprising 129 individuals, a total of 89 polymorphic sites defined 57 distinct haplotypes. The mean haplotype diversity and nucleotide diversity of the eight populations were 0.966±0.006 and 0.0359±0.004, respectively. Analysis of molecular variance showed significant genetic differentiation among the eight populations (F ST =0.34; P < 0.01). The present results revealed that C. nigrodigitatus populations had a high level of genetic diversity and distinct population structures. We report the existence of two monophyletic matrilineal lineages with mean genetic distance of 10.5% between them. Non-significant negative Tajima's D and Fu's Fs for more than half the populations suggests that the wild populations of C. nigrodigitatus underwent a recent population expansion, although a weak one since the late Pleistocene.
Introduction
The silver catfish, Chrysichthys nigrodigitatus (LacepJde), belongs to the subfamily claroteinae (Teugels 1996 , Mo 1991 . It is a highly valued food fish in Nigeria and other West African countries (Ezenwa 1981, Obiekezie and Enyenihi 1988) . It occurs in freshwater and brackish-water systems of low salinity (Moses 2001) The silver catfish is a benthic omnivorous fish that migrates, though, to freshwater to breed (Nwafili et al. 2012) . Erondu (1997) reported that C. nigrodigitatus undertake breeding migrations in response to environmental cues, and they are thought to be modulated by salinity. It is therefore likely that reducing water salinity during the months of rainfall may promote upstream breeding migrations. Juveniles migrate to saline waters in lagoons, swamps, and estuaries to feed and grow (Sivalingam 1975 , Ezenwa 1981 , and when it is time for breeding they migrate upstream from the more saline brackish waters to fresh water to spawn (Sivalingam 1975 , Agnese 2000 . C. nigrodigitatus provide parental care by building nests and spawning in hollow cavities or rock crevices where a sticky single egg-mass is deposited. In addition, fertilized eggs are incubated in the bucal cavity of the males.such as nesting and parental care in which males carry fertilized eggs in their bucal cavities make this fish a good candidate for approaches taking into account both genetic variation and genetic structure, as very little gene flow between populations would be expected.
Despite the ecological and economic importance of Nigerian rivers (particularly the Niger Delta), little is known about the genetic diversity of the fish species occurring in them. Freshwater and marine fishery resources in Nigeria are facing challenges of over-fishing and destruction of natural habitats by pollution (Adeyemo 2003) . There are concerns in the Niger Delta of hazardous fishing methods, climate change, over-fishing, and pollution from industries and multinational oil companies, which can impact genetic diversity. The C. nigrodigitatus fishery in the Niger Delta targets gravid females that are migrating to spawn (Moses 1979 (Moses , 1987 . Bickham and Smolen (1994) and Bickham et al. (2000) suggest that reduced genetic diversity stemming from population bottlenecks and inbreeding could result from environmental alterations or the influence of anthropogenic factors. In a disrupted environment such as that in the Niger Delta, studies of population genetic diversity can provide valuable information that can aid in undertaking conservation measures and managing ecosystems and their populations.
There are only few genetic studies on C. nigrodigitatus in Nigeria. Ezenwa et al. (1986) studied different populations of species in Nigeria and found regional variations in fecundity and morphological characters. To understand better the genetic diversity and evolutionary divergence of different populations of C. nigrodigitatus, it is inevitable to use molecular markers. Kotoulas et al. (1991) found high level of microsatellite variation at three loci in five populations of this species in West Africa. Song et al. (2011) and Nwafili et al. (2015) studied the genetic polymorphism and population structure of C. nigrodigitatus from the Niger Delta and found moderate to high genetic diversity and two clades. However, the limited number of primer combinations in these studies prevented drawing more robust conclusions. A popular marker for studying population genetics and the demographic history of aquatic organisms is mtDNA (Lee et al. 1995 , Buonnacorsi et al. 2001 , Cho and Kim 2006 , Wang et al. 2008 , especially the control region because of its high evolutionary rate compared to many nuclear loci.
The genetic structure and diversity of fish populations is maintained by combinations of specific characteristics of the species, vagility, and the absence or presence of dispersal barriers. Freshwater fishes demonstrate low levels of genetic variations and high levels of genetic differentiation among populations (Gyllensten 1985) ; in contrast, Ward et al. (1994) and Avise (2000) suggest that organisms with close association with either freshwater or marine systems can display genetic structure and diversity that is in between the two. C. nigrodigitatus has a biphasic life history in which the juveniles and adults live in freshwater and estuaries. The scale of dispersal might be limited, in which case the species can be highly genetically subdivided. Alternatively, dispersal can be extensive during the adult and juvenile phase, which could lead to genetic homogeneity.
The main purpose of the present study was to examine the genetic diversity and structure of C. nigrodigitatus along the coast of Nigeria. In order to assess the degree of gene flow among the studied populations and to determine the genetic status of the species in the Niger Delta, we applied sequence analysis of the mtDNA control region. The results obtained are discussed in the contexts of the degree of migration, aquaculture, and the enhancement of species-specific conservation programs.
Material and methods

Study area and sampling design
The sampling sites were in the Niger Delta region, Lagos Lagoon (LA), downstream at Asaba (LN) and upstream at Jebba (UN) in the Niger River, and downstream at Shiroro (SH) in the Kaduna River (Fig. 1) . In the Niger Delta, we sampled C. nigrodigitatus in the Cross River (CR), Buguma brackish-water system (BU), Warri River (WA), and Benin River at Koko (KO). Samples from Epe, Badagry, and Badore were pooled to form the Lagos Lagoon population. Sampling was carried out between December 2008 and July 2009. Table 1 shows the sample size from each location.
Genomic DNA extraction, PCR amplification, and sequencing
Genomic DNA was isolated from muscle tissues. Muscle tissues were dissected and subsequently digested with proteinase K in a buffer of 10 mM Tris-HCl (pH 7.5) with 125 mM NaCl, 50 mM EDTA, 8 M urea, and 1% SDS at 50°C. DNA was then extracted in phenol-chloroform and Genetic Diversity in the mtDNA control region and population structure of Chrysichthys nigrodigitatus from ... 87 
Data analysis
All the sequences were edited and aligned using Dnastar software (DNASTAR Inc., Madison, WI USA). Mitochondrial DNA diversity in the control region was evaluated using molecular diversity indices such as haplotype diversity (h), nucleotide diversity (pi), polymorphic sites (Ps), and the mean number of pairwise differences (k) for each population using DNASP (Librado and Rozas 2009 ). The genetic distances among haplotypes were estimated by using Kimura-2-parameter model (Kimura 1980) . To determine the best substitution model, hierarchical likelihood ratio tests were carried out with the MODELTEST 3.6 (Posada and Crandall 1998) and PAUP4.0b4a (Swofford 1998 ) programs for Windows. The optimum substitution model for the mtDNA data and the gamma distribution shape parameter for the rate of heterogeneity among sites that were generated were then used for the following analyses including the phylogenetic relationship of haplotypes and the analysis of molecular variance (AMOVA). The best likelihood scores were obtained with Tamura-Nei with gamma shape parameter ã = 0.73. The relationships among haplotypes were assessed by the total number of nucleotide differences between each pair of haplotypes that was used to generate a minimum-spanning tree (Excoffier and Smouse 1994) . In addition the haplotype data, it was analyzed phylogenetically with the neighbor-joining (NJ) method implemented in the MEGA2.1 program (Kumar et al. 2001) . Support for the NJ tree was assessed using 1000 bootstrap replications.
A hierarchical molecular variance analysis (AMOVA) and the conventional population F ST comparisons were performed in ARLEQUIN 3.1 (Excoffier et al. 2005) to test for significant population genetic structure and partition variance within C. nigrodigitatus (Excoffier et al. 1992 ). In addition, the AMOVA analysis was also carried out with the eight populations lumped into three groups as follows: LA, BU, and CR (Brackish), UN, LN, and SH (Freshwater), and WA and KO (Freshwater and Brackish).
To gain insight into the demographic history of C. nigrodigitatus, mismatch distribution analyses was implemented in Arlequin 3.1 (Excoffier et al. 2005) . Mismatch distribution analyses describe pairwise differences among individuals within a given population. After a burst of growth the mismatch distribution approximates a smooth curve with a single, well-defined peak, whereas in a steady-state population with a constant population size the distribution is usually multimodal (Rogers and Harpending 1992) .
Two tests of neutrality, Tajima's D statistic (Tajima 1989) and Fu Fs (Fu 1997) , were used to detect signatures of population demographic changes (bottlenecks or expansions) and deviations from the pattern of polymorphism expected from a neutral model of evolution. The examination of deviation from neutrality by both D and Fs indices was based on 1000 coalescent simulations. Expectations of these statistics are nearly zero in a constant-size population; significant negative values indicate a sudden expansion in population size, whereas significant positive values indicate processes such as a population subdivision or recent population bottlenecks. Tajima's D tests for differences between two estimators of ès and èð. Fu's Fs statistic is negative if there is an excess of alleles over that expected for a given estimate of èð, which is powerful for detecting population expansion and hitchhiking (Fu 1997) . Demographic changes in C. nigrodigitatus were also examined by calculating the raggedness index of the observed mismatch distribution for each of the populations according to the population expansion model implemented in Arlequin 3.1. This measure quantifies the smoothness of the mismatch distribution.
Small raggedness values represent a population which has experienced sudden expansion, whereas higher values of the raggedness index suggest stationary or bottlenecked populations (Harpending 1994 , Harpending et al. 1993 . Rough dates of population expansion were estimated with the formula T = ô /2 u (Rogers and Harpending 1992) , where T = time since expansion, ô is expansion time, and 2u = ì (mutation rate) × generation time × number of bases sequenced. The sequence divergence of a 3-12% mutation rate for the control region was used to determine the expansion time since the molecular clock for the control region of fishes vary among different groups of taxa.
To determine whether the geographic distance influenced the genetic structure of the contemporary population, the IBDWS v. 3.15 (Isolation by Distance Web Service) program was used to investigate the existence of any correlation between genetic distance and geographic distance using partial Mantel tests. Genetic distances (standard F ST ) were calculated with the program from the DNA data matrices using the K2P model of nucleotide substitution. These analyses were conducted with raw data as well as with log (geographic distance) as the ranges of some of the geographic distances were large. The maximum number (30,000) of randomizations the program allows was used in all analyses.
Results
Intraspecific sequence variation
The PCR product amplified by primers H16500 and L15923 varied between 513 and 514 (20 individuals) after removing the primer parts. Following alignment using the default settings in Clustal X, a total of 522 consensus bp sequences was obtained for 129 specimens. Comparison with samples from some species of Pseudobagrus (Watanabe and Nishida 2003) confirmed that the sequence obtained by us included the first (5') half of the mtDNA control region (443 bp) and parts of the threonin (Thr) and proline (Pro) tRNA gene regions (109 bp). Only the control region fragment was used for further analyses. The nucleotide composition of the control region fragment was A^T-rich (A, 28.5%; T, 34.3%).
A total of 86 variable sites was found in the region, defining a total of 57 haplotypes. Only eight of these haplotypes were shared among populations (Table 2) . HAP1 was the commonest haplotype occurring in five populations (KO, BU, UN, WA and LN), followed by HAP37 which occurred in three populations (KO, WA and LA). The Shiroro population (SH) from a tributary of the Niger River, with its relatively small sample size, had only two haplotypes, which were unique. Five indels were detected in the mtDNA control region.
The intrapopulation diversity parameters of these populations of C. nigrodigitatus are shown in Table 1 . Haplotype diversity (h) was high for all populations except Shiroro (SH), and it ranged from 0.22 ± 0.17 in SH to 0.99 ± 0.03 in LN. Nucleotide diversity (pi) varied among populations ranging from 0.001 ± 0.00 in SH to 0.06 ± 0.006 in UN (Table 1) ; overall, h = 0.966 ± 0.006, pi = 0.0359 ± 0.0040 and k = 15.15.
The genetic distance based on Kimura-2 parameter varied between 0.012-0.074 (1.2 and 7.4%) among populations (Table 3 ). The mean net genetic distance based on Tamura-Nei with ã = 0.73 between Clade A and Clade B was 9.3% while that between the subclades in Clade A was 5.1% (Fig. 2) .
Population genetic structure
The results of the AMOVA analysis (Table 4) attributed 66.52% of the variance to differences within populations, and overall F ST was significant (F ST = 0.34; P < 0.01). The inter-population F ST genetic differentiation was 33.48%. Hierarchical analysis using freshwater or brackish-water collection sites as grouping criterion (group 1; WA and KO, group 2; LA, BU and CR, and group 3; LN, UN and SH) revealed that the majority (65.76%; P < 0.01) of 90 Sylvanus A. Nwafili, Tian-Xiang Gao variation is found within populations. However, 4.59% (P = 0.24) of the genetic variation was explained by differences among groups. The amount of variance among populations within groups was 29.65%, and it was significant, implying subdivision or heterogeneity associated with the type of water body or collection site. Overall, significant genetic population structure existed in the range of C. nigrodigitatus so far evaluated. Only two of the pairwise F ST estimates were not significant (Table 4 ), indicating that variation among populations was high.
A haplotype network and neighbor-joining tree are shown in Figs. 2 and 3. In this study, the neighbor-joining tree revealed two divergent clades among the eight populations of C. nigrodigitatus. Clade A, supported by a strong bootstrap value (Fig. 2) , contained 15.55% of the total individuals sampled and was further divided into two lineages. Clade B contained 84.45% of the total individuals sampled and was also supported by a strong bootstrap value (Fig. 2 ). There were, however, no clusters corresponding to sampling localities. Clade A consisted of haplotypes from BU, UN, LN, and LA. The comprised representatives of each population. Thus, there was also no discernible clustering of the haplotypes into freshwater or brackish-water populations (Figs. 2 and 3) . The genetic divergence between the two clades was estimated to be 10.5%. There is no pattern of isolation by distance in the species (Z = 1471663.2592, r = 0.3596, P = 0.059 from 1000 randomizations). The lack of any genetic signature of isolation might provide evidence that the degree of Genetic Diversity in the mtDNA control region and population structure of Chrysichthys nigrodigitatus from ... 91
Table 4
Results of a hierarchical analysis of molecular variance in C. nigrodigitatus H011  H012  H013  H014  H015  H016  H017  H021  H020  H018  H019  H024  H022  H023  H031  H032  H036  H06  H01  H04  H02  H03  H09  H05  H07  H08  H010  H030  H029  H025  H026  H027  H028  H035  H033  H034  H044  H043  H037  H038  H039  H041  H042  H040   CLADE B   H054  H052  H053  H055  H056  H057  H045  H046  H047  H051  H050  H048 migration is much greater than expected for an euryhaline species inhabiting fresh and brackish waters.
Population demographics
The mismatch distribution for the pooled populations showed a multimodal pattern characteristic of population differentiation which corresponds to demographic growth and a subsequent bottleneck. Because of the divergent clades, the different clades were examined to understand the population demography of C. nigrodigitatus. The mismatch analysis of Clade B haplotypes produced a unimodal distribution ( Fig. 3) The calculated raggedness index under the demographic expansion model for each population showed that many populations had a low raggedness index, ranging from 0.014097222 in LN to 0.59110803 in CR. SH had the next highest raggedness index of 0.35802469. Low Raggedness index for some of these populations were indications of population expansion.
Discussion
Genetic diversity
The capability of the fingerlings, juveniles, and adults to undertake migrations could contribute to shaping the genetic diversity and population structure of the populations examined in the current study. Microsatellite analysis of five populations of C. Haplotypes are represented by names that corresponds to Fig. 3 and Table 1 .
nigrodigitatus excluding any Nigerian population revealed high levels of genetic variability comparable to marine species (Kotoulas et al. 1991) . In this study, the pattern of genetic polymorphism in the C. nigrodigitatus mtDNA control region is high and similar to those described for Plecoglossus altivelis (Temminck & Schlegel) (Iguchi et al. 2002) , Lutjanus argentimaculatus (ForsskDl) (Ovenden and Street 2003) , Brachyplatystoma rousseauxii (Castelnau) (Batista and Alves-Gomes 2006) , Sicyopterus japonicus (Tanaka) (Watanabe et al. 2006) , Colossomma macroponum (Cuvier) (Santos et al. 2007) , some cichlids of Lake Tanganyika (Koblmüller et al. 2007 , Sefc et al. 2007 , and Tenualosa ilisha (Hamilton) (Mazumder and Alam 2009) . The high genetic variability of the control region in C. nigrodigitatus could derive in part from a combination of the high mutation rate of the region, active dispersal of juveniles and adults, and the existence of many rare or private haplotypes (about 86%), that is, population-specific haplotypes. These suggest that the populations might have had a long history evolving independently and maintained large population sizes. These population-specific haplotypes can be used as population genetic markers (Slatkin 1985) for conservation. All the populations from the Niger Delta, with the exception of CR, exhibited high genetic diversity comparable to populations from the Niger River and the Lagos Lagoon (Table 1) . The active dispersal ability of the juveniles and adults could enable them to move swiftly from environments affected by pollution, and this could also account for the high genetic diversity in the Niger Delta populations. However, populations from SH and CR were characterized by less genetic variation. C. nigrodigitatus fisheries are well documented in the Cross River system (e.g., Moses 1979 Moses , 1987 Moses , 2001 ). Anecdotal evidence shows that human activities targeting migrating gravid females and used poison to fish in the CR (Moses 1987) , while the use of fish poison, the "beat and pack" system (Nwafili 1997) , and the dam effect in SH could be responsible for the low genetic variability in the two populations, respectively. Disturbances such as these frequently lead to bottleneck and reduced population size, which could result in low genetic variability. Ichthyologists have been concerned with the effect of dams on the exchange of genetic materials and because the assessment of damming effects on gene exchange among fish populations can provide useful knowledge for the sustainable management of wild resources, it is expedient to sample the upstream Kaduna River and the Niger River to determine the effect of the dams at Kainji and Shiroro on the genetic structure and diversity of existing C. nigrodigitatus populations. Taken together, the present study suggests that the C. nigrodigitatus resource of the Niger Delta is likely in good condition given the level of genetic variation.
The haplotype genetic distances among populations ranged from 1.2 to 7.4%. The genetic distance was greatest between the Niger River populations (LN, UN) and others. According to Billington and Hebert (1991) , haplotype divergence within species may commonly be under 10%. Using the same mtDNA control region, Tsipas et al. (2009) found pairwise sequence divergence at the level of 10.25-12.09% between two cyprinids haplotypes as well as 0.0-2.15% within each species. However, since the control region is highly variable, more conserved markers such as mtDNA 16SrRNA and cyt b gene should be employed to verify the species status of C. nigrodigitatus in Nigerian waters.
Genetic structure
The presence of many private haplotypes may indicate that gene flow between studied populations is low, which provide strong support for the two genetic clusters, clearly rejecting a hypothesis of a single genetic assembly. An Analysis of variance (AMOVA) shows that within population variation (66.52%) accounts for significantly more of the total genetic variation than among populations, indicating little gene flow and substantial genetic substructuring. Significant population structure as observed between populations was also evident from the significant pairwise F ST . Freshwater or brackishwater habitat, limited long-distance dispersal of the adult and juveniles and physical barriers may be responsible for the current genetic structure. The geographical distance of between the two sampling locations on the Niger River is above 600 km, ad this, coupled with the meandering nature of the river, could effectively limit the degree of gene flow among populations. Distinct structuring patterns have been reported for many freshwater and estuarine species (Alves et al. 2001 , Knight et al. 2009 ); however, it is possible periodic flooding events played a key role in connecting populations to produce the current genetic structure. The species appears to show no concordance with geographic barriers. The lack of any genetic signature of isolation could indicate that the degree of migration is greater than imagined for this euryhaline species using both fresh and brackish waters.
Population demographics
The demographic history of C. nigrodigitatus presents a complex picture, showing evidence of historical range expansion and bottleneck. The multimodal pattern of the mismatch distribution of the pooled population is characteristic of population differentiation corresponding to demographic growth and a subsequent bottleneck. It is probable that the loss of haplotypes due to a recent bottleneck event would have caused the multimodal mismatch distribution. The mismatch distribution (Fig. 4) Excoffier 1992) . Moreover, the high gamma distribution parameter (ã =0.73) might mask the statistical significance. The non-significant Tajima's D indicator could indicate that the populations of C. nigrodigitatus examined in this Clade are in genetic equilibrium, which suggests they are not under selective pressure for the mtDNA control region. Alternatively, it indicates that support for population expansion is weak. While population expansion was rejected by Tajima's D and Fu's Fs statistic tests in three populations (CR, LA and UN), the high raggedness index estimated for populations SH and CR suggests the occurrence of bottleneck events. This is consistent with the history of collection sites for both SH and CR populations (Moses 1987 , Nwafili 1997 . The collection site for UN was between Lake Jebba and Lake Kainji on the Niger River Clade B suggested a late Pleistocene event at 68,000-275,000 years ago. The distribution and demography of species worldwide was driven by environmental oscillations in the Pleistocene (Hewitt 1996 (Hewitt , 2000 . During the Pleistocene in West Africa, cyclic changes of arid conditions during the glacial maxima and wet tropical conditions in the interglacials could have resulted in the contraction and expansion of aquatic habitats (LévLque 1997) . While the series of contractions during the glacial maxima might have ensured the isolation of some populations in refuge zones, the wet periods in the interglacials could have resulted in the rapid population expansion to the contemporary pattern of genetic signature in C. nigrodigitatus. The distinct lineages were the likely consequences of isolation of populations in refuge zones and their subsequent recolonization of expanded habitats by the bottlenecked populations.
Implications for conservation and aquaculture
The results of this study suggest there are at least two highly divergent matrilineal lineages of C. nigrodigitatus in Nigerian waters. The low levels of genetic diversity in Cross River and in the downstream segment of the Kaduna River at Shiroro implies an urgent need to adopt protection measures and conservation programs for population recovery. Severe population declines can be identified by decreased genetic diversity (Lavery et al. 1996 , Glenn et al. 1999 . The private haplotypes revealed in the study can be utilized as genetic tags to select the proper source stocks for future aquaculture programs. Because the aquaculture of C. nigrodigitatus continues to expand, knowledge about the genetic characteristics of the populations renders it possible to select appropriate fish material for aquaculture purposes. As the culture of C. nigrodigitatus expands, care must be taken when selecting broodstock; broodstock must be selected from residing populations. This study provides baseline information with which C. nigrodigitatus populations can be evaluated in the future. Furthermore, the information obtained from the current study data highlight the necessity of preserving different habitats to ensure the genetic diversity of the species. It is very important to think about enhancing the Shiroro fishery, but before this, the upstream segment of the Kaduna River should be sampled genetically. It is also necessary to use more sensitive molecular markers, for example, microsatellites, to study some of these populations and gain more insight into the diversity and population genetic structure of C. nigrodigitatus.
